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Background: The freezing phenomenon is among the most disabling symptoms of Parkinson’s disease
(PD) manifesting most commonly as Freezing of Gait with a paroxysmal cessation of effective stepping.
Recent studies have suggested that freezing is related to both impairments in conﬂict resolution as well
as the processing of environmentally salient information.
Methods: In this study, we utilized a virtual reality gait paradigm to investigate differences in motor
outﬂow between PD patients with (n ¼ 36) and without (n ¼ 37) Freezing of Gait, as well as age-matched
healthy controls (n ¼ 18). Subjects were required to navigate a realistic on-screen environment with the
use of foot pedals to simulate stepping whilst responding to either cues associated with conﬂict reso-
lution (congruent ‘Red’, ‘Green’ or ‘Blue’) or environmental salience (wide, narrow and sliding doorways).
Footstep latency was used as a measure of motor output.
Results: Signiﬁcantly increased stepping latencies were observed in freezers compared to non-freezers
(p ¼ 0.004) and controls (p ¼ 0.016) in response to stimuli requiring the inhibition of implicitly cued
behavior (‘red’ cue). Patients with Freezing of Gait also demonstrated increased motor latency compared
to non-freezers and controls speciﬁcally in response to environmentally salient triggers including narrow
doorways (p ¼ 0.03 and 0.01 respectively) and the opening of a sliding door (p ¼ 0.036 and 0.048
respectively). Performance on the paradigm in relation to these triggers correlated signiﬁcantly with self-
reported freezing severity.
Conclusion: These results suggest that deﬁcits in conﬂict resolution and visuospatial processing may
reﬂect some of the neural mechanisms associated with freezing behavior and that these can be probed in
a virtual reality environment.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.x: þ61 02 9515 7564.
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Freezing of Gait (FOG), deﬁned as a brief episodic absence or
marked reduction of forward progression of feet despite the inten-
tion to walk [1], is one of the most debilitating and least understood
symptoms of Parkinson’s disease (PD), affecting over 50% of patients
with advanced disease [2]. It is well recognized that the freezing
phenomenon can be precipitated by cognitive triggers such as dual license.
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doorways [4,5]. These observations have prompted a number of
pathophysiologicalmodels of FOG that emphasize dysfunction across
the neural networks required for the effective processing of common
triggers (for reviews see Refs. [1,6]). Much of this work has high-
lighted the executive dysfunction observed in FOG and in particular
the role of attentional [7e9] and visuospatial processing [10,11].
It has been proposed that freezing events may be triggered by a
lack of neural reserve across complementary yet competing neural
pathways from differing functional domains across the corticos-
triate networks [7]. Extending this proposal, one study using an
attentional network task has demonstrated that patients with FOG
show impairments in conﬂict resolution compared to non-freezers,
suggesting that freezing may relate to a paroxysmal breakdown in
the synchronization of automatic and controlled processes [12].
In addition to the contribution of disrupted attention in FOG,
failure in visuospatial processing has also been highlighted as playing
a likely role. Recent work has identiﬁed that deﬁcits in visuospatial
perception and reasoning discriminated freezers from non-freezers
[10] and a further study investigating visual angle discrimination
has suggested that processing deﬁcits may selectively relate to
pathophysiology in the dorsal stream, thus implicating occipito-
parietal networks that link primary visual cortex with primary mo-
tor cortex [11].
The validation of such models and elucidation of the neural
networks underlying FOG has proven difﬁcult given the practical
limitations of assessing gait whilst simultaneously assessing factors
like conﬂict resolution and visuospatial perception in a standardized
manner. Recently, the use of Virtual Reality (VR) environments has
been proposed as a possible method for addressing these questions
[13,14]. Subjects use pedals to control their movement within a non-
immersive realistic three-dimensional environment, permitting the
investigation of both conﬂict resolution and visuospatial processing
in an ecologically valid gait-simulation paradigm. Although perfor-
mance on this VR paradigm has previously been correlated with
self-reported FOG symptoms [13], it has not been used to speciﬁcally
address the inﬂuence of these speciﬁc freezing triggers.
In this experiment, we employed the VR paradigm to explore
the effect of conﬂict resolution and salient environmental stimuli
on performance of a concurrent motor task in freezers, non-
freezers and age-matched healthy controls. We predicted that in
freezers stimuli associated with greater conﬂict resolution and
environmental features requiring increased processing (i.e. narrowTable 1
Demographic, neurological and neuropsychiatric patient data for freezers, non-
freezers and controls.
Freezers Non-freezers Controls F/t p
N 36 37 18 e e
Age (years) 66.2  9.6 63.2  8.8 69.3  7.6 3.0 0.06
FOG-Qa 10.4  5.3 1.1  1.2 e 11.1b <0.001
FOG-Q3 2.4  1.1 e e e e




25.0  1.9 23.2  1.9 e 0.7b 0.516
UPDRS III
(toe tapping)
3.4  1.9 2.7  1.6 e 1.6b 0.11
Hoehn and Yahra 2.3  0.9 1.6  0.7 e 3.7b 0.001
BDI-IIa 12.8  11.6 6.2  5.5 4.2  4.1 9.1 <0.001
MMSE 28.2  1.8 28.8  1.8 28.6  1.2 1.0 0.38
DDE (mg)a 748.1  424.0 381.9  367.9 e 3.7b <0.001
Data is displayed as Mean  SD. UPDRS-III, Uniﬁed Parkinson’s Disease Rating Scale
(Motor section); FOG-Q, Freezing of Gait Questionnaire; FOG-Q3, FOG-Q item three;
BDI-II, Beck Depression Inventory II; MMSE, Mini-Mental State Examination; DDE,
Dopamine Dose Equivalence.
a Signiﬁcant differences between one or more groups.
b The t value is shown for comparisonsmade between two groups (Student’s t-test).and sliding doors) would be associated with signiﬁcantly delayed
motor outﬂow compared to non-freezers and controls.
2. Materials and methods
2.1. Participants
This study recruited 73 PD patients from the Brain and Mind
Research Institute (BMRI) PD research clinic and 18 healthy con-
trols. Patients satisﬁed the UKPDS Brain Bank criteria [15] and all
were assessed on their regular medication as part of their clinical
assessment. The studywas approved by the Human Ethics Research
Committee of the University of Sydney and written informed con-
sent was obtained from all subjects. Demographic details are pre-
sented in Table 1. Patients were rated on section III of the Uniﬁed
Parkinson’s Disease Rating Scale (UPDRS [16]) and were between
Hoehn and Yahr (H&Y) stages IeIV.
Patients were classiﬁed as “freezers” or “non-freezers” based on
item three of the FOG questionnaire [17] (FOG-Q): “Do you feel that
your feet get glued to the ﬂoor while walking, making a turn or when
trying to initiate walking (freezing)?” This item (FOG-Q3) has pre-
viously been shown to be a reliable screen for FOG [18]. This
categorized 37 patients as non-freezers and 36 patients as having
some degree of freezing. Patients with major depression were
excluded from the study, sixteen patients were taking antidepres-
sants and a measure of affective disturbance was attained using the
Beck Depression Inventory-II [19] (BDI-II). Participants performed a
Mini-Mental State Examination (MMSE [20]) and none were
deemed to have dementia according to the Movement Disorders
Society PD dementia criteria [21]. Dopamine Dose Equivalence
(DDE) was calculated for all patients.
2.2. Virtual reality paradigm
The VR paradigm displays a realistic three-dimensional corridor
presented in the ﬁrst person. All testing was conducted with the
subject sitting in front of the screen with left and right feet posi-
tioned over corresponding response pedals that controlled left and
right stepping movements on the display screen. The use of foot
pedals here, in contrast to the use of hand buttons in an earlier
study [13], is in keeping with recent work that has reported that
alternate stepping in place is a sensitive and speciﬁc approach for
capturing arrests in motor output in freezers [10]. All pedal re-
sponses were recorded but the software was conﬁgured such as to
disallow any forward progression on the screen with “out of
sequence” steps (i.e. lefteleft or righteright). Thus on-screen
movement and accompanying auditory feedback was only associ-
ated with alternating lefteright pedal sequences.
The conﬂict resolution color-word task consisted of the words
“GREEN”, “BLUE” and “RED” being presented on the lower third of
the screen in varying colors (green, blue or red). Participants were
required to continue ‘walking’using the footpedals if the color-word
was congruent (e.g. “BLUE” written in blue), or stop, if the word
appeared in an incongruent color (e.g. “BLUE” written in green).
Subjects practised the paradigm prior to recording to ensure they
had understood the task. Instructions were repeated until acquisi-
tion of the rules had been satisfactorily achieved by each subject as
demonstrated by an appropriate response to all possible stimuli.
Color-word combinations were deliberately chosen as red, blue
and green given the implicit valence of these colors (i.e. red-stop,
blue-neutral and green-walk). The implicit valence of red and
greenwas reinforced by the intermittent presentation of the simple
commands “WALK” written in green and “STOP” written in red, in
place of the color-word cues. Subjects were presented counter-
balanced color-word cues and simple commands in a pseudo-
Fig. 1. Effect of congruent color-cues on scaled Maximum Footstep Latency (MFSL). We
found that freezers (n ¼ 36) had signiﬁcantly higher latencies than non-freezers
(n ¼ 37) and controls (n ¼ 18) on presentation of a congruent “RED” walk cue. No
signiﬁcant differences in MFSLs were found between non-freezers and controls in
response to any cue. Results are displayed as model-adjusted mean  SEM. #p ¼ 0.05,
*p < 0.05, **p < 0.01.
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(e.g. between step 30e40) in the paradigm.
The VR environment consisted of a straight corridor with nar-
row and wide (100% wider than narrow) doorways, as well as
automatic sliding doors (both wide and narrow). The sliding doors
opened (“door opening”) eight steps before passing through the
door (“door reached”). Cognitive cues occurring within 3 steps of
environmental cues were excluded from the analysis. Overall the
task comprised 400 steps and took an average of 6 min to complete.
2.3. Behavioral measures
Footstep latency was measured as the time taken between
alternate (lefteright or righteleft) steps and represented the
behavioral measure of motor output whilst performing the task. To
compare relative changes in footstep latency, all responses were
scaled (below) according to the mode footstep latency for each
individual subject. Scaled foot-step latency has been shown to be a
useful measure of motor output in a number previous studies (for
details refer to Refs [22,23]). This modal latency was derived from
an individual’s most frequent footstep latency, as grouped into bins
of 0.1 s, whilst performing the VR task. The mode was taken as a
more accurate measure of the cadence of natural stepping instead
of the average footstep latency, which can be skewed by the high
latencies occurring with possible freezing episodes [13].
The outcome of interest in this experiment was the scaled
maximum footstep latency (MFSL), deﬁned as the longest footstep
latency occurringwithin three steps of a point of interest divided by
the modal latency corresponding to that patient. The scaled MFSL
for all trials of the same cue was then averaged for each patient.
This captured the longest motor pause in response to a stimulus
rather than the exact footstep latency at that point, accommodating
the processing and reaction time required to inﬂuence the motor
output. Speciﬁc points of interest were the appearance of a
congruent color-word cue, passing through wide and narrow
doorways, and the time point when a sliding door was triggered to
open (door opening). Incongruent color-word cues which repre-
sented ‘stop’ commands were not analyzed in this study.
2.4. Statistics
All between and within-group comparisons of latencies with
respect to the outcomes of interest were conducted using a mixed-
model repeated-measures design ANOVA with Bonferroni post-hoc
tests used for subsequent planned pairwise comparisons. Here, the
groups referred to freezers, non-freezers and controls. Thus between-
group analyses looked for differences between these groups whilst
within-group comparisons assessed color-word cue (red, blue, green)
and environmental feature (wide and narrow doorways and door
opening) responses respectively. Latencies are expressed as the
model-adjusted mean scaled MFSL  standard error. Two-tailed
Student’s t-test and one-way ANOVA were used for two- and
three-group comparisons of demographic data respectively.
Spearman coefﬁcientswere used for correlation of FOG-Q scoreswith
scaledMFSL within the freezer group, one-tailed t-tests were used to
determine whether the correlations differed signiﬁcantly from zero.
All data analysis was performed using Statistical Package for the
Social Sciences Version 19.0 (Chicago, IL, USA).
3. Results
3.1. Patient characteristics
As shown in Table 1, there was no signiﬁcant difference in age be-
tween freezers, non-freezers and controls. As expected the freezergroupscoredsigniﬁcantlyhigherontheH&Yscale (t¼3.7;p<0.001)
and UPDRS-III (t ¼ 2.9; p ¼ 0.005) compared to non-freezers and
were also taking signiﬁcantly higher doses of medication for their PD
(t ¼ 3.7; p < 0.001). However, to remove the likely confound of
freezing, gait related items (3.10e3.14) were excluded from the
UPDRS-III resulting in a non-gait sub-score that was not signiﬁcantly
different between the patient groups (t¼ 0.7; p¼ 0.52). Furthermore,
to test for differences in lower limb bradykinesia that may have
inﬂuencedperformance in theparadigm,wecomparedspeciﬁcally the
toe-tapping item (3.7) of the UPDRS-III and found this not to be
signiﬁcantly different. BDI-II scores did score signiﬁcantly differently
between the freezers andnon-freezers (F(2,88)¼ 9.1, p< 0.001)but all
scores were only within the Minimal to Mild range. No signiﬁcant
difference in MMSE score was observed across the groups.
3.2. Mode latency between groups
ANOVA found no statistically signiﬁcant difference in the modal
footstep latency between the control group (0.49  0.04 s), non-
freezer group (0.46  0.02 s) and freezer group (0.47  0.03 s;
F(2,88) ¼ 0.3, p ¼ 0.72). Thus differences in scaled latencies be-
tween the groups could not be due to differences in the scaling
factor (mode) between the groups.
3.3. Between- and within-group differences in motor outﬂow in
response to color-word cues
Overall analysis of cue responses in the mixed model ANOVA
showed a signiﬁcant overall group effect (F(2,88) ¼ 5.11, p ¼ 0.008),
a signiﬁcant color effect (F(2,88) ¼ 6.22, p ¼ 0.002) and a non-
signiﬁcant group versus color interaction (F(4,88) ¼ 1.54,
p ¼ 0.193). As it was expected that the three groups would be
similar in all but two comparisons (namely a prolonged latency in
freezers in response to the congruent “RED” cue alone) this latter
result is likely to be underpowered to detect this speciﬁc ﬁnding.
Planned post-hoc comparisons investigating between-group dif-
ferences in scaled MFSL in response to the speciﬁc color cues were
conducted within the mixed model and the results are displayed in
Fig. 1. Latencies associated with a congruent red cue were signiﬁ-
cantly greater in freezers compared to non-freezers (2.31  0.19
Table 2
Spearman correlation coefﬁcients of Freezing of Gait Questionnaire Scores with
MFSL in freezers (n ¼ 36).
Cue FOG-Q FOG-Q3
Red 0.282* (p ¼ 0.015) 0.305** (p ¼ 0.008)
Blue 0.011 (p ¼ 0.926) 0.043 (p ¼ 0.714)
Green 0.142 (p ¼ 0.226) 0.156 (p ¼ 0.184)
Wide doorways 0.226 (p ¼ 0.053) 0.255* (p ¼ 0.028)
Narrow doorways 0.297* (p ¼ 0.010) 0.345** (p ¼ 0.003)
Sliding door open 0.322** (p ¼ 0.005) 0.404*** (p < 0.001)
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Analysis of scaled MFSL for the congruent blue condition revealed a
trend towards higher latencies in freezers (2.26  0.19) compared to
both non-freezers (1.61  0.19; p ¼ 0.05) and controls (1.47  0.27;
p ¼ 0.05). Finally, analysis of responses to the congruent green cue
showed no difference between freezers (1.63  0.19) and non-
freezers (1.37  0.19; p ¼ 0.99) and controls (1.14  0.27; p ¼ 0.43).
No signiﬁcant differences were observed between non-freezers and
controls under any conditions.*p < 0.05, **p < 0.01, ***p < 0.001. Spearman correlation coefﬁcients (one-tailed)
and associated p-values in brackets are shown. FOG-Q, Freezing of Gait Question-
naire; FOG-Q3, Item three of FOG-Q.3.4. Effect of environmental salience on motor outﬂow between
groups
The overall mixed model ANOVA showed a signiﬁcant group
effect (F(2,88) ¼ 8.8, p < 0.001) with no environmental effect
(F(2,88) ¼ 0.45, p ¼ 0.64) and a non-signiﬁcant group versus
environmental cue interaction (F(4,88) ¼ 0.81, p ¼ 0.52). These
ﬁndings suggest that the groups differed on the basis of their
response to these cues but were similar within each group.
Speciﬁc effects of the environmental cues between groups are
summarized in Fig. 2. Based on our a priori hypothesis, planned
comparisons showed that for narrow doorways, freezers
(1.49  0.09) had signiﬁcantly increased scaled MFSL compared to
non-freezers (1.15  0.09, p ¼ 0.03) and controls (1.00  0.13,
p ¼ 0.01). A similar result was seen for doorway opening with
prolonged latencies in freezers (1.66  0.15) versus non-freezers
(1.11  0.15, p ¼ 0.036) and controls (1.00  0.22, p ¼ 0.048).
Although freezers (1.610.15) overall displayed increased latencies
in response to wide doorways compared to the other groups (non-
freezers 1.15  0.14; controls - 1.04  0.20) these were not sta-
tistically signiﬁcant (p ¼ 0.08 in both comparisons). No differences
were observed between non-freezers and controls under any
environmental condition.3.5. Correlation of VR cues with Freezing of Gait questionnaire
Table 2 shows that FOG-Q and FOG-Q3 scores were signiﬁcantly
associated with increased scaled MFSL following congruent ‘red’
walking cues but not ‘blue’ or ‘green’ cues. With respect toFig. 2. Effect of virtual environmentally salient cues on gait on scaled Maximum Foot-
Step Latency (MFSL). Freezers (n ¼ 36) had signiﬁcantly higher latencies than non-
freezers (n ¼ 37) in response to narrow doorways, and triggering a sliding door to
open (‘doors open’). Freezers had signiﬁcantly higher MFSLs compared to controls
(n ¼ 18) in all cases and no signiﬁcant differences in footstep latency were found
between non-freezers and controls in response to any cue. Results displayed as model
adjusted mean  SEM. *p < 0.05.environmental triggers, FOG-Q scores were found to correlate only
with narrow and opening doorways with a trend for wide door-
ways. Meanwhile a signiﬁcant correlation with wide doorways was
foundwith FOG-Q3 scores in addition to a stronger associationwith
the remaining cues.
4. Discussion
In keeping with work from other groups, our results utilized a
VR gait paradigm to demonstrate that freezers can be differentiated
from non-freezers and controls, in a task requiring conﬂict reso-
lution and integration of visuospatial information. These parox-
ysmal motor delays were not generalized and related speciﬁcally to
periods of increased processing demand.
4.1. Conﬂict resolution
Freezers did not demonstrate delayed motor latency when
responding to color-words that had an implicit valence to continue
‘walking’ (“GREEN” written in green i.e. low conﬂict). However,
when presented with a color-word cue implicitly associated with
stopping (“RED” written in red i.e. high conﬂict), freezers exhibited
increased response times. Thisﬁndingmay represent a lack of neural
reserve to deal with competing demands in the setting of striatal
deﬁcits [7] or perhaps represents a reduced capacity to inhibit
automatic behavior associated with implicit cues. This would be in
line with theories of FOG that emphasize impaired regulation of
automatic behavior and would corroborate recent evidence
exploring the reaction times associated with a Stroop task and an
Attention Network Test [12]. In that study of conﬂict resolution
freezers experienced both stronger automatic response activation
and impaired suppression of these incorrect responses within the
task. The response inhibition under these circumstances has been
postulated to depend on frontostriatal connections and the meso-
corticolimbic dopamine system [24], meanwhile a meta-analysis of
cortical regions involved in response inhibition more generally
points to the involvementof areas such as thedorsolateral prefrontal
cortex (DLPFC), pre-supplementary motor area (pSMA) and parietal
cortex [25]. Future functional neuroimaging studies combining the
paradigm may help explore the contribution of these regions.
4.2. Visuospatial processing
Possibly acting in conjunctionwith other networks (e.g. salience
processing, executive decision making), factors such as perceptual
mismatch and dysfunction in the integration of visuospatial and
motor information have previously been postulated as contributing
to the freezing phenomenon [10,11,26,27]. This may be explained
through a deﬁcit in cortical regions, such as the posterior parietal
cortex, which act as a hub between networks subserving visual
attention and executive function [28] or alternatively through
impairment of subcortical structures such as the basal ganglia
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mains [29]. The current study demonstrated that freezers experi-
enced delayed motor responses with respect to environmentally
salient features. Indeed the post-hoc tests conﬁrmed that freezers
were differentiated from non-freezers and controls with respect to
narrow doorways but not wide doorways in an analogous manner
to FOG. This ﬁnding is aligned with the observation that there is a
slowing of gait in freezers, which is inversely proportional to the
width of a physical doorway [5]. Although our study was not sen-
sitive to allow the effect of different sized doorways to inﬂuence the
interaction, future studies may overcome this by increasing the
sample size or increasing the effect size by increasing difference
between relative doorway widths.
4.3. Correlation with FOG-Q and FOG-Q3
Correlations between the scaled MFSL and the FOG-Q and FOG-
Q3 were only seen within those response latencies that differen-
tiated freezers from controls and non-freezers in the post-hoc an-
alyses. This further highlights the role that the neural networks
supporting conﬂict resolution and visuospatial processing might
play in freezing.
4.4. Limitations
It is possible that the increased severity of disease and/or the
level of depression seenwithin the freezer group may contribute to
some of the differences in response latency recorded in this para-
digm. However, measures of severity excluding gait and clinical
scores of bradykinesia relating to the type of movement tested in
this paradigmwere not signiﬁcantly different between freezers and
non-freezers. Furthermore, the ﬁnding that all groups had similar
modal footstep latencies and that prolonged motor responses were
not generalized across all levels of conﬂict resolution or visuospa-
tial processing argues against the idea that increased severity or
generalized slowing may completely account for these results.
It is not clear from this experiment whether delayed response
latencies might represent actual freezing episodes. The correlation
between MFSL and FOG-Q would suggest that it is possible that
these events represent a similar phenomenon to that occurring in
FOG but clearly further studies incorporating other modalities such
as accelerometry and video-recording may help clarify this ques-
tion by characterizing other features of gait, such as rhythm and
amplitude.
It has been proposed that the distribution of freezing behavior
across body regions may reﬂect the topographical distribution of
underlying disease [30]. Whilst the current study would suggest that
the mechanisms underlying freezing can be recorded in the lower
limbs, without concurrent upper limb assessment it is not possible to
be deﬁnitive about whether such processes are more generic.
A recent study reporting alternate stepping in place as a sensi-
tive method for capturing motor arrests in freezers [10] was per-
formed in the standing position as compared to the sitting position
in this study. Future adaptation of the current experiment to a
standing conﬁguration may unmask further motor pauses and
improve sensitivity and speciﬁcity of the results.
Lastly, additive effects of cognitive and environmental cues were
not explored in this study and future studies may include analysis
of those intervals in which cognitive and environmental cues are
presented simultaneously.
4.5. Conclusions
Utilizing a VR gait paradigm this study has extended the work of
others who have identiﬁed contributory roles for conﬂict resolutionand visuospatial processing in the phenomenon of freezing. Specif-
ically, within patients with FOG increased response latency was selec-
tively observedwhenhaving to respond to stimuliwith higher levels of
conﬂict resolution or when increased levels of visuospatial processing
were required. These ﬁndings support amodel of FOGwhere there is a
paroxysmal inability to facilitate concurrent activationacrossnetworks.
This paper also demonstrates the potential utility of VR environments
in the further evaluation of the freezing phenomenon.
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